1. The complex behaviour of papain (EC 3.4.22.2) in acidic media has been investigated by (a) stopped-flow reactivity probe kinetics using 4,4'-dipyrimidyl disulphide (I) and 2,2'-dipyridyl disulphide (II) as thiol-specific time-dependent inhibitors with markedly different susceptibilities to activation by hydronation (protonation) and (b) using the multitasking application program SKETCHER for the rapid evaluation of pH-dependent kinetic data by means of interactive manipulation of calculated curves.
1. The complex behaviour of papain (EC 3.4.22 .2) in acidic media has been investigated by (a) stopped-flow reactivity probe kinetics using 4,4'-dipyrimidyl disulphide (I) and 2,2'-dipyridyl disulphide (II) as thiol-specific time-dependent inhibitors with markedly different susceptibilities to activation by hydronation (protonation) and (b) using the multitasking application program SKETCHER for the rapid evaluation of pH-dependent kinetic data by means of interactive manipulation of calculated curves.
2. The substantially lower basicity of (I) (pK. 0.91) than that of (II) (pK. 2.45) combined with retention of high reactivity permitted the pKa for the formation of the (Cys-25)-S-/(His-1 59)-Im+H ion-pair state of papain to be determined kinetically as 3.4, a value close to that (3.3) deduced by potentiometric difference titration [Lewis, Johnson and Shafer (1976) Biochemistry 15, [5009] [5010] [5011] [5012] [5013] [5014] [5015] [5016] [5017] and lower than the value (approx. 4) often reported from pH-dependent kinetic studies. The higher values are now known to arise from inadequate data analysis that does not take account of other overlapping kinetically influential ionizations.
3. Re-evaluation of the extensive sets of pH-kcat./Km data for the hydrolysis of nine substrates by papain reported by Polgair and Halasz (1978) (Eur. J. Biochem. 88, (513) (514) (515) (516) (517) (518) (519) (520) (521) by making use of SKETCHER, the known pKa value (3.4) from the reaction with compound (I) and two additional kinetically influential pKa values deduced from the reaction with compound (II) now permits the identification of the pH-dependent events in reactions of papain with inhibitors and substrates. 4. A major conclusion is that, whereas in reactions of simple alkylating agents and compound (I) full nucleophilic character of (Cys-25)-S-/(His-159)-Im+H is provided by hydronic dissociation with pKa 3.3-3.4, in catalysis relatively little catalytic competence is produced consequent upon ion-pair formation. Substantial catalytic competence requires further hydronic dissociation with pKa approx. 4, and for cationic substrates further enhancement is produced by hydronic dissociation with pKa approx. 5. 5. The present work, together with the kinetic analysis of reactions of papain in alkaline media reported by Mellor, Thomas, Topham and Brocklehurst [Biochem. J. (1993) 290, 289-296] , defines the kinetically influential ionizations of papain as 3.4, 4.0, 5.0, 8.3 and 10.0 of which 3.4 and 8.3 relate to the formation and subsequent dehydronation of the ion-pair state. 6. The determination of the PKa for the formation of the ion-pair state of papain as 3.4 rather than 4.0 and the ambiguities inherent in determining pKa values of systems with overlapping ionizations compel the view that the analysis and interpretation of the putative pKa shifts inferred from changes in the pH-dependence of kcat./Km for papain mutants such as Asp-158-Asn and Asp-158-Glu reported by Menard, Khouri, Plouffe, Dupras, Ripoll, Vernet, Tessier, Laliberte, Thomas and Storer [Biochemistry (1990) 29, 6706-6713] and Menard, Khouri, Plouffe, Laflamme, Dupras, Vernet, Tessier, Thomas and Storer [(1991) Biochemistry 30, 5531-5538] need to be reconsidered. Substantial shifts in pH-rate curves can be due to changes in pH-independent rate constants as well as or instead of changes in pKa values. The view is compelled that the data in acidic media reported for the mutants by Menard et al. (1990 Menard et al. ( , 1991 may relate to perturbation of the two as-yet-unassigned ionizations with pKa values close to 4 and 5 and provide no evidence for or against electrostatic perturbation of the (Cys-25)-S-/(His-159)-Im+H ion-pair. Some evidence for the lack of perturbation of the ion-pair in the Asp-
INTRODUCTION
hurst (1987) , Baker and Drenth (1987) and Polgair (1990) for shorter reviews, and Patel et al. (1992) and Mellor et al. (1993b) Papain (EC 3.4.22. 2) is the best-characterized member of the for recent structure-related kinetic studies and for references to cysteine proteinase family, both structurally and mechanistically recent crystallographic, spectroscopic and molecular-biological [see Brocklehurst et al. (1987b) We recently introduced 4,4'-dipyrimidyl disulphide (I) as a thiol-specific time-dependent inhibitor and showed that by using both this compound and 2-pyridyl disulphides [such as 2,2'-dipyridyl disulphide (II), 2-carboxyethyl-2'-pyridyl disulphide N-methylamide (III) and 2-(N'-acetyl-L-phenylalanylamino)ethyl-2'-pyridyl disulphide (IV)] as reactivity probes it was possible to dissect the complex pH-dependent behaviour of papain in alkaline media and assign unequivocally the two kinetically influential ionizations (Mellor et al., 1993b Brubacker and Bender (1966) , Kirsch (1970, 1971) and Lewis and Shafer (1974) .
Having successfully defined the behaviour of papain in alkaline media by the combined use of 2-pyridyl-and 4-pyrimidyl disulphides, we turned our attention to its at least equally complex behaviour in acidic media. Many kinetic studies have provided evidence that the formation of the (Cys-25)-SH/(His-1 59)-Im=(Cys-25)-S-/(His-I 59)-Im+H ionization state of papain appears to be characterized by a macroscopic PKa value of approx. 4 and that this ionization is co-operatively linked to another also with macroscopic PKa approx. 4 (Brocklehurst and Little, 1972; Shipton and Brocklehurst, 1978; Lewis et al., 1978; Salih et al., 1987; Brocklehurst et al., 1988a,b; Menard et al., 1990) . The fact that these two PKa values appear to be so similar has hindered assessment of whether (Cys-25)-S-/(His-159)-Im+H is catalytically competent without prior or simultaneous ionization of another group in the enzyme. In addition to the two ionizations with kinetically determined pKA values apparently of approx. 4, another ionization with PK. approx. 5 influences the kinetics of some reactions of papain (Brocklehurst et al., 1988a,b) .
A particular difficulty with the pH-dependent behaviour of papain in acidic media was noted by Lewis et al. (1976 [Brocklehurst and Little (1972) and see also Shipton et al. (1975) , Shipton and Brocklehurst (1978) ]. The evidence is particularly clear because the two PKA values close to 4 occur on opposite sides of a striking bell-shaped component at low pH in the pH-second-order rate constant (k) profile. This contrasts with the situation in many other reactions of papain including the pHdependence of kcatlKm [see e.g. Salih et al. (1987) , Menard et al. (1990) ] where the evidence for a second PKa value ofapprox. 4 depends upon the observation and analysis of a small deviation at low pH from a single (sigmoidal) ionization curve. Although the evidence for the existence of the second kinetically influential PK. in reactions of papain is most clearly revealed by the bellshaped component of the pH-k profile for reactions of 2-pyridyl disulphides such as (II) and (III) (Mellor et al., 1993b) , unambiguous accurate determination of the two PK. values is rather difficult. Their close numerical proximity in the narrow bell-shaped component means that a unique fit to the data cannot be achieved and a number of solutions are possible, particularly when allowance is made for the kinetically influential pKA (2.45-2.9) ofthe hydronated probe reagent [e.g. (V) pK. 2.45].
In the present work we have made use of the same property of 4,4'-dipyrimidyl disulphide (I) [its substantially lower basicity, pK. of (VI) = 0.91, than that of a 2-pyridyl disulphide, combined with retention of high reactivity] that permitted incisive analysis of the behaviour of papain in alkaline media (Mellor et al., 1993b ) to demonstrate convincingly a kinetically influential pK. of papain with a value (pK. 3.4) close to that (pKa 3.3) deduced by potentiometric titration (Lewis et al., 1976) . In addition the ability of the computer program SKETCHER (Brocklehurst et al., 1990; Topham et al., 1991) to provide rapid evaluation of pH-k data in terms of multihydronic state models permitted evaluation of a new kinetic data set for the reaction of papain with 2-Py-S-S-Py (II) and re-evaluation of data in the literature [particularly the data for 13 reactions of papain reported by Polgair and Halasz (1978) ]. The combination of the kinetic data obtained by using the pyrimidyl (I) and pyridyl (II) disulphide reactivity probes and the computer analysis using SKETCHER now permits identification of the pH-dependent events in reactions of papain with a range of inhibitors and substrates. A major conclusion is that, whereas in reactions ofsimple alkylating agents and compound (I) full nucleophilic character of (Cys-25)-S-/(His-159)-Im+H is provided by hydronic dissociation with PKa 3.4, in catalysis relatively little catalytic competence is produced consequent upon ion-pair formation. Substantial catalytic competence requires further hydronic dissociation with PK. approx. 4.0 and in some cases further enhancement is produced by additional hydronic dissociation with PKa 5.0. The determination of the PKa value characteristic of ion-pair formation as 3.4, rather than 4 as is commonly supposed, and the ambiguities inherent in assigning pK. values to systems with overlapping hydronic dissociations, demonstrate that the analysis of the kinetic data for reactions catalysed by mutants of papain such as those with Asp-158-Asn and Asp-158-Glu and the consequent interpretation reported by Menard et al. (1990 Menard et al. ( , 1991 need to be reconsidered. Implications of the nature of the complex pHdependent kinetic behaviour of papain for the characteristics of other cysteine proteinases, notably the calpain 11 80 kDa/18 kDa heterodimer, are briefly discussed.
MATERIALS AND METHODS

Reactivity probes
The synthesis of 4,4'-dipyrimidyl disulphide (I) was described by Mellor et al. (1993b) , the synthesis of 2-(N'-acetyl-Lphenylalanylamino)ethyl-2'-pyridyl disulphide (IV) by Brocklehurst et al. (1987a) , and the purification of 2,2'-dipyridyl disulphide (II) (Aldrich) by Salih et al. (1987) .
Papain
Papain was the twice-crystallized product supplied by Sigma (Poole, Dorset, U.K.) as a suspension in 0.05 M sodium acetate buffer, pH 4.5. In preparation for a set of kinetic experiments, 0.5 ml of the suspension was mixed with an equal volume of 40 mM cysteine solution in sodium pyrophosphate buffer, pH 8.0, IO.3 M and allowed to stand for 30 min at room temperature (approx. 22°C) to convert any reversibly oxidized papain to active enzyme. Low-Mr material was then removed by gel filtration on a Sephadex G-25 column (15.0 cm x 2.5 cm). Elution with 0.1 M KCI containing 1 mM EDTA and collection of approx. 10 ml fractions produced activator-free papain in approx. 10 ml of eluate after approx. 30 ml had been collected and discarded; 10-12 ml of the post-30 ml eluate contains sufficient papain for approx. 30-40 stopped-flow kinetic runs. Papain thus prepared was shown to be free of contaminant chymopapains by both thiol-titration with 2,2'-dipyridyl disulphide (2-Py-S-S-2-Py) at pH 4 and 8 (Baines and Brocklehurst, 1978) and f.p.l.c. analysis with Pharmacia LKB equipment on a Mono S HR5/5 column. Papain is eluted very early from the ionexchange column well separated from the position at which chymopapains would be eluted. Papaya proteinase Q (PPQ) is eluted even later at the end of the elution profile (see e.g. Dubois et al., 1988) . In some batches of twice-crystallized papain supplied by Sigma, f.p.l.c. analysis demonstrated the presence of small amounts of contaminant chymopapains. In such cases, papain was purified by preparative f.p.l.c. Papain is readily identified and distinguished from the other cysteine proteinases of papaya latex by its unique reactivity characteristics towards 2-(N'-acetyl-
substrate-derived time-dependent inhibitor containing a Pi-P2 amide bond, an L-phenylalanyl side chain as an occupant for the S2-subsite and a 2-mercaptopyridine leaving group which provides for activation by its association with the imidazolium side chain of His-159 (Brocklehurst et al., 1988b) . For example, whereas for the reaction of this inhibitor with papain, kpH6/ kPH36 = 4.8, for the analogous reaction with PPQ, kpH6/ kPH3.5 =0.7 (M. Thomas and K. Brocklehurst, unpublished work). Fully active papain containing 1 mol of thiol and 1 mol of intact catalytic-site Cys-25/His-159 interactive system per mol of enzyme is conveniently prepared as required by covalent chromatography (Brocklehurst et al., 1985) .
Instrumentatlon and software Kinetic studies were performed with an Applied Photophysics SF. 17MV stopped-flow spectrophotometer, kinetics workstation and data-acquisition and analysis software. Monochromator entrance and exit slit widths were set at 1 mm. pH-dependence studies of the type reported in the present paper involving a multiplicity ofreactive states require a rapid method ofevaluating a series of kinetic models differing in the number and reactivity of the reactive states. These were evaluated by using a multitasking application program (SKETCHER) written in ANSI C running under RISCOS on an Acorn Archimedes microcomputer (Brocklehurst et al., 1990; Topham et al., 1991) which was developed from an earlier program (QUATRO) written in BBC BASIC for use with a BBC Micro Model B (Brocklehurst and Brocklehurst, 1988) . SKETCHER permits estimation of characterizing parameters in the generic set of equations for the various models by means of interactive manipulation of calculated curves. Values of the parameters thus obtained are generally close to the final mean values obtained by weighted non-linear regression performed by using the AR computer program from the statistical software package BMDP (Dixon et al., 1988 ) and a Compaq Deskpro 386/20c computer, particularly when one or more of the parameters are known from an independent experiment which obviates problems deriving from multiple local minima. As demonstrated in the present paper, information from independent experiments is essential for a unique solution for systems with overlapping ionizations. Rate equations for reactions in a variety of hydronic states were written down and generated within the Archimedes by using the simple general expression, eqn. (1).
Eqn. (1) relates an experimentally determined pH-dependent rate constant k, and macroscopic acid dissociation constants, K, where n is the number of reactive hydronic states; the numerator A, is a generalized pH-independent rate constant (kXH, ) where i, which may take values from 1 to n, specifies the particular hydronic state. The denominator of eqn.
(1) provides for the pHdependent variation in each of the contributions to k from reaction in a particular hydronic state, i.e. reaction associated with an individual pH-independent rate constant (k). Each term generated by j in the denominator comprises a product of [H+] and one or more acid dissociation constants each raised to a particular power. The construction of specific rate equations for particular kinetic models from eqn.
(1) involves determining expressions for Bs,t by using the two information matrices described by Brocklehurst et al. (1990) The pH-dependence of the second-order rate constant (k) for the reaction of papain with 4,4'-dipyrimidyl disulphide is shown in Figure 1 (a). The good fit to the data corresponds to predominant reaction of the ion-pair state of the catalytic site with nonhydronated probe reagent (I) with a small contribution from reaction with the hydronated probe (VI) [pKA 0.91, Mellor et al., 1993b] . Reaction of papain with 4,4'-dipyrimidyl disulphide provides reliable data in acidic media on the stopped-flow time scale and, because of the low PKa value of compound (VI), is not complicated by substantial reaction of the hydronated form of the probe. Thus the data in Figure 1 (a) compel the view that the macroscopic pKa value characteristic of the formation of the ionpair state of papain from (Cys-25)-SH/(His-l59)-Im+H is close to 3.4, a value similar to that obtained by Lewis et al. (1976) using their potentiometric titration method (3. despite potential uncertainties deriving from slow reaction in acidic media. Figure 1 (b) shows a new data set for the reaction of papain with 2,2'-dipyridyl disulphide. In marked contrast with the approximately sigmoidal form of Figure 1 (a), Figure 1(b) illustrates the striking bell-shaped component ofthe pH-k profile for this reaction in acidic media. The data shown in Figure 1(b) are similar to those reported previously [see particularly Shipton and Brocklehurst (1978) ]. In that paper the data were fitted to the equation for a bell-shaped pH-k profile with pKa = 3.85 and pK1 = 3.90, and it was noted that the data in the pH range 4.5-5.5 fell substantially above the fitted line, indicating the presence of an additional kinetically influential PKa in that pH region. The availability of SKETCHER now readily permits the additional pKa (5.0) to be used in calculating the theoretical line (see Figure lb) . The particularly important observation, however, is that it is possible to fit the data for the reaction of 2,2'-dipyridyl disulphide in Figure l(b) with a PKa value (3.45) essentially the same as that (3.4) deduced from the simpler form of pH-dependence that describes the reaction of 4,4'-dipyrimidyl disulphide (Figure la) . With this value of the first PKa characteristic of the enzyme molecule, the value of the second PKa needs to be 4.0. The potentiometric titration data of Lewis et al. (1976) and the kinetic data for the reactions of papain with 4,4'-dipyrimidyl disulphide and 2,2'-dipyridyl disulphide here reported combine to provide the value for the macroscopic PKa characteristic of the formation of the ion-pair state of papain as 3.4 at 25°C and I 0.1 M. The reaction of the ion-pair of papain with 2-Py-S-S-2-Py+H (V) is modulated by two additional ionizations of PKa 4.0 and 5.0 respectively. The kinetic study of the reactions of papain with 4,4'-dipyrimidyl disulphide and 2,2'-dipyridyl disulphide in alkaline media (Mellor et al., 1993b) Having established that the formation of the ion-pair state of papain occurs as the pH is raised across a pK. value close to 3.4, it was useful to re-evaluate the pH-dependent kinetic data for the acylation of the papain catalytic-site thiol group by substrates during catalysis. A particularly extensive and interesting collection of data is that contained in the paper by Polgair and Hala'sz (1978) . They reported that, although the rate of alkylation of papain by the simple alkylating agents, methyl and ethyl bromoacetates, depends upon a PKa value of 3.25 and alkylation by chloroacetate on a pK. value of 3.6, acylation by six electrically (1) Table 1 ). It may be noteworthy that a pKa of 5.0 (as well as that of 4.0) modulates the reactivity of the thiol group of Cys-25 towards the cationic probe molecule 2-Py-S-S-2-Py+H (V) (see Figure lb) . Figure 3) . There are two consequences of this.
derived from pH-kcat/Km profiles (e.g. Menard et al., 1990, One is that electrostatics calculations based on a pKa value close 1991). All of these studies have assigned one of the two PK. to 4 for ion-pair formation in native papain need to be re- Table 1 Variation in the effect of ionizations addfflonal to the production of the (Cys-25)-S-/(His-159)-lm+H ion-pair state of papain (pK, = 3.4) on the effectiveness of the acylation process of the catalytic act (k.jLK,) with change In substrate structure The parameters pKAj, pKA11, ( kcat/Km)l k2 (= kca2/Km2), k3 = (k/K,3) are those characteristic of the theoretical lines shown in Figure 2 ; the data are those of Polgar and Halasz (197) pKII, considered making use of a PKa value close to 3.4. The other is that because the fit of a theoretical line to the data around pH 3.4 will be exceedingly insensitive to the actual value ascribed to the PKa around 3.4, perturbation in mutant papains will be difficult to quantify with confidence, at least when using a cationic substrate such as Z-L-Phe-L-Arg-MCA. Thus the data in acidic media reported and discussed by Menard et al. for papain mutants such as the Asp-158-Asn mutant (Menard et al., 1990) In addition to the need to re-evaluate the pH-dependent kinetic data for papain and its mutants in terms of the pK. of 3.4 discussed above, there is another problem. This relates to the ambiguity involved in fitting the data to appropriate pHdependent rate equations and in consequent interpretation of the parameters in situations where two or more overlapping kinetically influential ionizations occur. Thus for sets ofcurves of pH-dependence of kinetic parameters that are displaced along the pH axis and appear to involve even large pKa shifts, displacement can result instead from variation in the associated pH-independent rate constants, as was demonstrated by the simulation study reported by Brocklehurst et al. (1983) (see also Bashford and Karplus, 1991) . Figure 3 provides an illustration of the consequences of the assigned value of the PKa for ion-pair formation as 3.4 for the fit to the data of Menard et al. (1990) for the hydrolysis ofZ-L-Phe-L-Arg-MCA catalysed by native papain and of the uncertainty of fit with overlapping ionizations in the absence of independent evidence that permits the value of at least one ofthe characterizing parameters to be known. Thus, although the experimental data shown in Figure 3 have been reported to demonstrate pK. values of the Asp-158-Asn mutant [pK, = 3.6, pKII = 4.22 (Menard et al., 1990) ; pKI = 3.76, pKII = 4.04 (Menard et al., 1991) ] different from those of native papain (reported to be pK, = 3.9, pK11 = 4.44), Figure 3 shows that it is possible to provide a good fit to the data with no change in the PKa values (3.4-3.6, 4.2 and 4.8 for both native papain and the Asp-158-Asn mutant). The lack of change in the PKa values arises when a pKa value of 3.4-3.6 for ion-pair formation is used and a pKa value close to 5 (4.8 in the case of the data in Figure  3 ) predicted for a cationic substrate and the data of Polgair and Halasz (1978) (see Figure 2 ) is acknowledged together with a permitted change in the ratio of the pH-independent rate constants (k3/k2) consequent upon the Asp-158-Asn mutation.
The uncertainty of assigning changes in PKa values postulated as a result of site-specific mutations is illustrated more markedly in Figure 4 .0 x 103. The data do not extend to pH values below approx. 4.7, i.e. to the pH region in which -S-/-lm+H ion-pair formation is occurring across pKa 3.4 in native papain. Although the assignment of pK/ or pK/4 (whatever their actual values) to ion-pair formation in the Asp-158-Glu mutant strictly cannot be ruled out, it seems more likely that pK/ and pK14 characterize the kinetically influential ionizations with pKa values close to 4 and 5 in native papain, the structural assignments of which are as yet unknown. It is important to emphasize the substantial uncertainty in assigning pK. values in situations like those illustrated in Figure   4 which arise because it is possible to obtain quite marked shifts in the position of pH-rate curves along the pH axis by changes in the ratios of the pH-independent rate constants as well as or instead ofchanges in pK. values (Brocklehurst et al., 1983) . Valid interpretations of such data require the value of at least one of the relevant parameters to be known from an independent experiment in which the other overlapping ionization has negligible effect on the kinetics. The pH-dependent kinetic behaviour of some other cystelne protelnases
The kinetic behaviour of actinidin (EC 3.4.22.14), papaya proteinase Q1 (PPQI) and the 80 kDa/ 18 kDa heterodimer of porcine calpain II (EC 3.4.22.17 ) also is known to depend upon more ionizations than the two required to account for the pHdependent formation and loss by further dehydronation of the (Cys)-S-/(His)-Im+H ion-pair state. Both catalytic competence and thiol reactivity develop in actinidin (Salih et al., 1987) (Mellor et al., 1993a 
CONCLUDING COMMENTS
Results from reactivity-probe kinetics using 4,4'-dipyrimidyl disulphide and 2,2'-dipyridyl disulphide compel the view that the formation of the (Cys-25)-S-/(His-159)-Im+H ion-pair state of papain is characterized by a PKa value close to 3.4 in accord with the value (3.3) deduced from the potentiometric titration method of Lewis et al. (1976) . Formation of the ion-pair state of papain (pK. approx. 3.4) appears to be sufficient for the full development of nucleophilic reactivity of the thiolate anion component of the ion-pair in reactions with simple alkylating agents (Polgair and Halasz, 1978) and with 4,4'-dipyrimidyl disulphide. In other reactions, including reaction with 2,2'-dipyridyl disulphide and in the acylation process of the catalytic act, at least one other ionization (pKA approx. 4) and in some cases two (pKA 4 and 5) are necessary to provide full expression of nucleophilic capability or catalytic competence. These additional requirements may be connected with the need for particular dispositions of -S-and -Im+H ion-pair components for particular reactions [see Brocklehurst et al. (1988b) and Kowlessur et al. (1989) for discussion of changes in transition-state geometry in reactions of papain]. Perturbation of ion-pair reactivity by other ionizations occurs also in at least some other cysteine proteinases and may be particularly marked in reactions of the catalytic-site thiol group of the calpain II 80 kDa/18 kDa heterodimer.
Knowledge of the PK, value for ion-pair formation permits the complex pH-dependence of kcat./Km for the hydrolysis of substrates by native papain and to some extent by its site-specific mutants to be clarified. Ion-pair formation alone does not produce substantial catalytic capability in papain. For electrically neutral substrates, dehydronation of another group associated with a molecular pKa value close to 4 is required for development of high catalytic activity. For cationic substrates, catalytic activity is further enhanced by another hydronic dissociation associated with a pK. value close to 5. The treatment of the data on the pHdependence of kcat /Km for the hydrolysis of the cationic substrate Z-L-Phe-L-Arg-MCA by papain mutants [e.g. the Asp-158-Asn, Asp-158-Gly and Asp-158-Glu mutants (Menard et al., 1991)] needs to be reconsidered. Their extensive calculations and interpretation of electrostatic effects in the papain active centre need to take into account that (a) the pK,, of ion-pair formation is approx. 3.4 rather than approx. 4, (b) the effects of the various mutations that they analyse and interpret probably relate to ionizations of two unknown groups in native papain, one with pK. approx. 4 and the other with PKa approx. 5 rather than to the formation of the (Cys-25)-S-/(His-159)-Im+H ion-pair and the unknown group of PKa 4, (c) the magnitude of the apparent shifts in PKa values produced by the site-specific mutations on which the electrostatic calculations depend are uncertain (and may in some cases be non-existent) because the effects of the mutations on the pH-independent values of kcat/Km for the different reactive ionization states are unknown. The ambiguities inherent in the analysis of pH-dependent kinetic data relating to multiple overlapping ionizations present considerable difficulties to interpretation (Brocklehurst et al., 1983; Bashford and Karplus, 1991) in the absence of additional information that permits assignments of values to particular parameters. The present work suggests that kinetic evaluation of papain mutants should be somewhat facilitated by using electrically neutral rather than cationic substrates. Such experiments may at least permit effects of particular mutations on ion-pair formation to be observed experimentally because shifts of the pH-kcat./YK curves along the pH axis may not be as large, although quantification may still present substantial difficulties with potential shifts in two PKa values and two pH-independent kinetic parameters to be considered. Some of the ambiguities would be removed by additional kinetic studies using suitably designed time-dependent inhibitors as reactivity probes, as has been demonstrated in the present work. This serves to emphasize the need to carry out not only structural studies on mutants but also structure-related kinetic studies in addition to steady-state kinetic studies if soundly based mechanistic conclusions are to be drawn.
